In recent years, a significant number of environmental studies have been conducted in New Orleans, LA and surrounding Gulf Coast areas due in part to the occurrence of hurricanes Katrina and Rita. Data collected from studies in the New Orleans area indicate that inorganic contaminants including arsenic (As), iron (Fe), lead (Pb), and vanadium (V); high concentration of bioaerosols, particularly Cladosporium and Aspergillus, and several organic pollutants (PAHs, pesticides, and volatiles) may pose a risk to human health in New Orleans. While many of these results resemble historical data, a current quantitative exposure assessment has not been conducted. We engaged in one such assessment for lead (Pb) contamination in surface soils. We used Pb concentrations in surface soils (<5 cm deep) from New Orleans and quantitative data on soil ingestion using the USEPA terrestrial wildlife model to imitate lifestyle movement (e.g., school to home to daycare) to estimate child exposure to Pb contributed by soil. Our results suggest that Pb exposure from soil could range from 1.4 µg/day to 102 µg/day for our study area within urban New Orleans. These data are concerning because children exposed to >33.5 µg/d Pb may cause their blood-Pb levels to exceed the Centers for Disease Control and Prevention (CDC) threshold for blood-Pb of 10 µg/dL. It has generally been accepted that a more protective blood Pb concentration threshold of 6 µg/dL is warranted. Using the 6 µg/dL threshold puts children exposed to as little as 20.2 µg/day Pb at risk.
Introduction
Recent observations within the United States show that blood-lead (Pb) concentrations in children have been reduced over the past two decades [1] . Nonetheless, the portion of the population adversely affected from Pb poisoning remains elevated, especially in urban and industrial areas [2] . Lead persistence is partially due to widespread use, making the element ubiquitous in surface soils. Despite the United States Environmental Protection Agency (USEPA) mandating the elimination of Pb from most products (e.g., paint, gasoline, etc.) the historical overuse of the element continues to make it problematic in surface soils. Lead is most prevalent throughout urban areas and concentrations of Pb in soil typically increase with the age of a city [3] . It has been determined that children are the most sensitive portion of the population to Pb poisoning and typically have an increased soil consumption rate as compared to the population as a whole. Because soil is considered a likely route for Pb exposure, it is of interest to calculate the contribution that soil has on Pb concentration in children's blood. In fact, research suggests that blood-Pb concentrations are strongly correlated to Pb concentrations in soil [3] [4] [5] .
Human exposure and health effects caused by Pb have been meticulously studied and are well documented [3] [4] [5] [6] . Studies suggest Pb exposure in children will cause a decrease in cognitive skills including attention deficit hyperactivity disorder (ADHD). Measured intelligence (IQ) has been correlated with blood-Pb concentrations in several studies. It is now believed that the blood-Pb threshold established by the Center for Disease Control (CDC) of 10 µg/dL does not provide adequate protection from developmental effects caused by Pb [7] . Studies have demonstrated that when average Pb concentrations in blood exceed 6 µg/dL, higher-level thinking (IQ > 125) is improbable [7, 8] . Subsequent studies have concluded that Pb concentration in blood has no apparent lower bound threshold in regards to impairment of neurological development [1] . Other organs affected by Pb include the kidney, the gastrointestinal tract, and the cardiovascular, hematopoietic, endocrine, immune and skeletal systems. Initial effects of Pb are also recognized in the protoporphyrin cycle with the inhibition of δ-aminolevulinic dehydratase (ALAD) [3, 4] .
Most health care providers and laboratories are required to report elevated blood-Pb concentrations to an appropriate regional health department [8] . While many cities have reported the occurrence of children's bloodPb concentrations >10 µg/dL, several cities potentially have blood-Pb epidemic problems both in the United States and abroad. New Orleans, LA, New York City, NY, Chicago, IL, Baltimore, MD, Shanghai, China, Moscow, Russia and Mexico City, Mexico all had an elevated occurrence of blood-Pb concentrations >10 µg/dL (>12%). Research suggests that prior to hurricanes Katrina and Rita, as much as 30% of the children in New Orleans, LA had a blood-Pb concentration >10 µg/dL. Mielke et al. [5] provided a detailed spatial distribution of soil-Pb concentrations from the New Orleans area and demonstrated that soil-Pb was a strong predictor of blood-Pb for those results.
Following hurricanes Katrina and Rita, several government agencies and academic institutions, including United States Geological Survey (USGS), United States Environmental Protection Agency (USEPA), United States Army Corps of Engineers (USACE), Louisiana State University (LSU), Tulane University (TU), University of Missouri-Rolla, and Texas Tech University (TTU), evaluated the environmental impact of the hurricanes on New Orleans, LA [9] [10] [11] [12] [13] [14] [15] [16] . Each institution reported elevated occurrences of Pb in soil, sediment, or water. Abel et al. [17] developed a spatial distribution model from data, which strongly correlates with the spatial distribution map that Mielke et al. [5] created before the hurricanes. These data suggest that floodwaters in New Orleans from hurricanes Katrina and Rita did not change the distribution profile of Pb in soil. Lead concentrations in New Orleans soil ranged from 7.7 µg/g to 8550 µg/g, 15% of the values exceeded the USEPA threshold criterion for Pb remediation [18, 19] .
In an effort to reduce Pb concentrations in children's blood from the New Orleans area, it is critical to determine the contribution of Pb in soil to blood-Pb concentrations in children. An important aspect of this process is to use human activity data to understand and predict land usage. In exposure modeling, it is important to establish cohorts that subdivide activity patterns for both external and individual considerations. While research has defined adult human activity, children activity patterns are more challenging due to insufficient data. Few databases exist that explain spatial and temporal activities of children, especially children ages 1 to 4 years, who are the most sensitive to Pb exposure. Exposure of children to environmental contaminants in soil is often greater than that of adults due to their hygienic and activity habits. Most activity data for children can be obtained from the Consolidated Human Activity Database (CHAD) developed by the USEPA; however, CHAD still lacks essential cohorts for many activities [20] [21] [22] . CHAD suggests that children spend a majority of their time in three microenvironments: home, childcare or school, and parks. Due to this pattern the use of a wildlife model to determine ingestion rates was considered to give more reasonable prediction of the activities in these microenvironments resembling the movement of wildlife more than adult human activity.
Our goal was to use a spatial distribution contour map constructed from environmental Pb concentrations collected from New Orleans after hurricanes Katrina and Rita and survey data for child activity from CHAD in conjunction with established soil ingestion rates for children using the USEPA terrestrial wildlife model to predict Pb exposure from soil in New Orleans, LA. Risk associated from Pb absorption determined from available Pb fraction in soil was calculated using an established elimination rate.
Methods
Multiple data sets were used to construct our exposure assessment model. First, we obtained estimated Pb concentrations in surface soil from our spatial distribution map [17] . Second, we used CHAD to estimate outdoor activities for children ages 1 to 4 years [20, 22] . Third, soil ingestion rates for children ages 1 to 4 years were taken from a study done in Anaconda, MT [23] . Finally, we incorporated these data into a modified terrestrial soil exposure model [24, 25] . The output from the model was used to calculate Pb concentrations contributed by soil in children's blood.
To obtain environmentally relevant Pb concentrations, multiple soil samples from New Orleans were collected and sent to Trace Analysis, Inc. (Lubbock, TX.) for analysis. Samples were prepared using US EPA method 3050 B and analyzed according to US EPA method 6010 B [26] [27] [28] [29] . A thorough explanation of the sampling, preparation, analysis, reporting and moisture-corrected results are available in Abel et al. [14] . To expand the data set, we included the Pb concentration data collected by Suedel et al. [16] from Violet Marsh, an undeveloped area directly northeast of the ninth ward, with our Pb concentration data from metropolitan New Orleans to create a more thorough spatial distribution map. A spatial distribution map was developed using Pb concentrations in soil and incorporating them into GS+ version 7 (Gamma Design Software, Plainwell, MI; GS+), a GIS mapping software program. Prior to being mapped spatially, each data point converted exponentially and interpolated by kriging by the software. The exposure model was interpreted after the Pb concentrations were back transformed from the GS+ output. Since studies have shown that Pb is stable in a natural soil environment potential health effects can be modeled without making further assumptions [6] .
To model childhood Pb exposure that can be attributed to soil, we modified the USEPA soil ingestion model for terrestrial wildlife [30] . Two notable changes were made to the model. First, children's activities are believed to occur in microenvironments; therefore, home range variables were replaced with a series of likely locations for children's outdoor activities. Secondly, we were only concerned with Pb exposure; therefore, multi-contaminant variables were eliminated from the model.
The exposure model follows:
where, E i = total Pb exposure attributable to soil ingestion, J = the location of each microenvironment, m = total number of microenvironments being modeled, t j = time spent outside per day at microenvironment "j", T = the total time spent outside per day, I r = the child ingestion rate of soil, and C j = the soil concentration of Pb at microenvironment "j". To model child exposure to soil Pb concentrations from New Orleans, human activity data were incorporated to predict how children are exposed to soil [20, 21] . The limited, existing data confirm that children ages 1 to 4 years spend a substantial amount of time outdoors. Even though it is obvious that indoor dust and mucociliary clearance of inhaled particles can contribute to soil ingestion exposure, it is believed that the main source of soil ingestion is attributed to outdoor hand to mouth activities [31] . Children ages 1 to 4 spend a majority of their time in three defined locations: home, childcare/school, and parks, according to CHAD. To ensure public health a 7-km 2 area with the highest concentration of Pb was selected from the Bywater district for modeling (Figure 1) . The three microenvironments children frequent were assessed through the model. Universal Transverse Mercator (UTM) coordinates were obtained for 483 homes, 17 childcare facilities, and 6 parks and playgrounds existing in the 7-km 2 area. The spatial distribution map was used to cross-reference Pb concentrations with the established UTM coordinates.
The USEPA default exposure factors and quantitative data obtained from the Anaconda smelter study in Montana were used to make soil ingestion predictions [23] . The USEPA established soil ingestion model provides a sufficient margin of safety. The default value for soil ingestion given by the USEPA is 114-mg/kg body weight/ day. Other soil ingestion models obtained from quantitative data instead of being theoretically derived provide much smaller consumption estimates. Reliable soil ingestion estimates for children are difficult to establish due to the variability of ingestion behavior. The Anaconda study calculated that the 25th, median, 75th, 90th and 95th percentile mean ingestion rates of children ages 1 to 4 years over a 7 day period were: 7 mg/day, 16 mg/day, 72 mg/day, 151 mg/day, and 160 mg/day, respectively [23] . All ingestion rates were incorporated into our model to provide a margin of safety and a more probabilistic exposure. We incorporated one location for each of three different microenvironments from a 7-km 2 area into our exposure assessment model. Every possible combination of these led to 49,266 iterations for each soil ingestion assumption. The model calculated the maximum, minimum, average, and median daily Pb exposure rates.
The available soil Pb fraction is biologically significant. We attempted to determine the portion of soil-Pb in New Orleans that children might absorb by exposure using a subset consisting of 20 samples from our original sample set. From these 20 samples, four fractions were determined: available, reducible, oxidizable, and residualsoil-Pb, (Figure 2) as explained in Pueyo et al. [32] . The available fraction is the most critical fraction when determining human toxicity from consumption. Each fraction was recovered in similar ranges with a standard deviation of less than 0.055. The error bars in Figure 2 represent the range (min/max) of the soil-Pb fraction. To model the soil contribution to blood-Pb concentrations in children the available fraction of the total soil-Pb content was used. We assumed 9.3% available Pb, the largest available fraction from our subset, to be protective of human health.
An established blood-Pb elimination half-life of 20.3 days was used to determine Pb concentrations in children's blood [3, 4] . Blood volume in toddlers ages 1 to 4 will vary widely but can be assumed to be 100 mL per kg of body weight [24] . We assumed a blood volume of 1.0 liter to model blood-Pb concentrations in children for this study. From these values a blood-Pb equilibrium was generated assuming constant consumption of soil. The blood-Pb equilibrium was cross-referenced with the CDC limit of 10 µg/dL and the Lowest Observable Effect Level (LOEL) of 6 µg/dL [7, 8] . Possible risk scenarios were determined comparing these values to those that were calculated.
Results
Spatial distribution of Pb was determined using 137 data points from New Orleans and Violet Marsh areas. Soil was characterized for Pb in a 7-km 2 area of the Bywater district centered at Interstate Highway 10 and Saint Bernard Ave. Lead concentrations were evaluated for 17 childcare facilities, 6 parks and playgrounds, and 483 individual homes resulting with a geometric mean of 355 µg/g, 301 µg/g, and 348 µg/g, respectively. While the averages were similar, Pb concentrations within the three microenvironmentsvariedwidely. Childcare facilities had Pb concentrations ranging from 172 µg/g to 647 µg/g. Lead concentrations ranged from 192 µg/g and 426 µg/g at parks and playgrounds. Home sites had the widest distribution of Pb ranging from 68.5 µg/g to 832 µg/g. These variations in soil-Pb concentrations can lead to extremely different exposure profiles, even within our small 7-km 2 study area. The USEPA's protective soil ingestion rate of 114 mg/kg body weight/day yields a Pb exposure between 139 µg/day and 817 µg/day for a 10 kg child [19] . This ingestion rate would predict a long-term contribution to blood-Pb from soil of 38.5 µg/dL to 226 µg/dL for an assumed blood volume of 1.0 liter. Quantitative data suggest that the USEPA soil ingestion model is overly conservative. Mean soil ingestion rates established by Stanekand Calabrese [23] at the Anaconda, MT site infers a maximum soil ingestion rate of 283 mg/day, far less than USEPA's assumption. Using the 95th percentile soil ingestion rate of 160 mg/day indicates Pb exposure would be between 19.5 µg/day and 115 µg/day. This ingestion rate would predict a 5.4 µg/dL to 31.9 µg/dL long-term contribution to blood-Pb from soil, assuming a blood volume of 1.0 liter. At the 95th percentile, 48,361 of the 49,266 (98.2%) activity scenarios indicate a long-term blood-Pb concentration of >10 µg/dL which could be attributable to soil consumption. The 90th percentile soil consumption maintains similar Pb exposure with a range between 18.4 µg/day and 108 µg/day. These exposure scenarios would yield a long-term blood Pb concentration between 5.10 µg/dL and 29.9 µg/dL with the same blood volume assumptions. Using the 90th percentile soil ingestion assumption, 47,795 of 49,266 (97%) scenarios exceed the CDC blood-Pb criteria of 10 µg/dL. Using the 75th percentile predicted soil ingestion indicates a Pb exposure between 8.80 µg/day and 51.6 µg/day. Using this exposure profile, 2478 of 49,266 (5.0%) will exceed blood-Pb concentrationsof 10 µg/dL due to soil ingestion alone. The median scenario had no incidents greater than of the EPA limit of 10 µg/dL occurred.
A more protective blood-Pb concentration has been estimated at 6 µg/dL [3] . To maintain this blood level while assuming the same elimination half-life of 20.3 days and a blood volume of 1.0 liter, a maximum exposure to Pb would be 21.7 µg/day. The consumption rate of 10 mg/day of soil would produce a Pb exposure between 1.22 µg/day to 7.17 µg/day according to our model. This would not be indicative of any blood-Pb concentrations greater than 6 µg/dL within our study area. Also, the median consumption rate of 45-mg/day soil is construed by our model to have 5.50 µg/day to 32.3 µg/day Pb exposure with 3476 of 49,266 (7.1%) exceeding blood-Pb concentrations of 6 µg/dL in our study area. With a consumption rate of 72 mg/day (75th percentile) soil, 39,666 exposure scenarios of the possible 49,266 (80.5%) had Pb exposure >21.7 µg/day, which would in turn translate into 6 µg/dL. Using the criterion of 6 µg/dL to protect neurological development would mandate that a large portion of the childhood population might be at risk inside the study area evaluated.
Discussion
Trace metal exposure has been strongly correlated with surface soil concentrations and can be linked to incidenttal soil ingestion [31] . Well-established deleterious effects of Pb have generated critical concern for Pb exposure in children and inspired the pursuit of a better model to predict blood-Pb concentrations in children [3] . While soil-Pb concentrations can be high, the available fraction of the soil-Pb is a better predictor of potential toxicity to children [33] . While our results indicate a large potential hazard and match similar work done in New Orleans [17] it is important to realize that Pb-body burden is strongly correlated to blood volume. With our current assumptions (1.0 liter blood volume), soil-Pb concentrations exceeding 310 µg/g would result in blood-Pb concentrations exceeding the 10 µg/dL threshold. Changing the assumption of a 10 kg child to a 20 kg child would increase the assumed blood volume from 1.0 to 2.0 liters. In this circumstance, only 7.3% of the 90th percentile would exceed the CDC's 10 µg/dL threshold and no samples exceeded the CDC's threshold at the 75 percentile rate of ingestion.
Children under the age of four years spend 15 to 20 hours/day in indoor microenvironments, based on multiple surveys [20] .Outdoor activities can range broadly from 30 min/day to an 8 hour/day based on family priorities. CHAD indicates the three outdoor microenvironments used in our model (home, childcare, and parks) had average usage of 2.5 hours/day, 2.0 hours/day, and 0.5 hours/day, respectively, and we kept these assumptions constant throughout our calculations according to the USEPA terrestrial wildlife model. Given that the time spent outside at home was the largest, the Pb concentration there was the determining factor for the model, followed by childcare facilities and then parks and playgrounds. With a broad range of Pb concentrations in our study area (68.5 µg/g to 832 µg/g), exposure scenarios are unpredictable without a thorough investigation of soil-Pb concentrations. Our study area (7-km 2 ) can have significant differences in a child's Pb exposure prediction due to significant variations in soil-Pb concentrations and toddler soil consumption rates (1.22 g/day to 115 g/day).
In this study, several assumptions were made which allowed us to generate a quantitative model. If the most significant source of soil ingestion is not outdoor hand-to-mouth activities, our Pb exposure profile would be substantially altered. Also, activity patterns were assumed to be constant. While it is obvious that aspects such as gender, physical activities, diet, and race/ethnicity could affect children's exposure to soil, insufficient data are available to consider them in our model [22] . Our goal was to be protective yet environmentally relevant, focusing on the largest ingestion rates which have been observed in a quantitative study and which could be reasonably applied in New Orleans. Furthermore, our study keeps physical activities constant. Changes in daily activity were not incorporated into this model (i.e., weekend vs. weekday activity, and preclusion from outdoor activities such as vacation and illness) [24, 25] . Changing the outdoor microenvironment ratios may have an effect on Pb exposure as well as change the controlling location for Pb exposure in soil. Finally, our bioavailability assumption is based on quantitative data from New Orleans. However, research suggests that Pb that is not readily available may be extracted by gastric or intestinal fluids [33] . This research predicts that Pb absorption could be as great as 30% of exposed Pb. Using this upper bound would have a profound effect on our results, increasing child exposure to Pb by three-fold. This would place all children in New Orleans at a higher risk.
In subsequent studies uncertainty could be reduced from several sources. A more thorough evaluation of Pb availability in soils could isolate human absorption potential. This information would allow researchers to calculate with greater accuracy long-term blood-Pb levels from a given exposure. An exhaustive study conducted on childhood behavior in New Orleans would also reduce many sources of error in our model. Incorporating gender, physical activities, diet, and race/ethnicity into an exposure model could give significant insights into child exposure profiles.
